Localization by disorder in the infrared conductivity of (Y,Pr)Ba 2 Cu 3 07 films 
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The ab-plane reflectivity of (Yi_ a! Pr :E )Ba2Cu307 thin films was measured in the 30-30000 cm" 1 
range for samples with x = (T e = 90 K), x = 0.4 (T c = 35 K) and x = 0.5 (T c = 19 K) as 
a function of temperature in the normal state. The effective charge density obtained from the 
integrated spectral weight decreases with increasing x. The variation is consistent with the higher 
dc resistivity for x = 0.4, but is one order of magnitude smaller than what would be expected 
for x — 0.5. In the latter sample, the conductivity is dominated at all temperatures by a large 
localization peak. Its magnitude increases as the temperature decreases. We relate this peak to 
the dc resistivity enhancement. A simple localization-by-disorder model accounts for the optical 
conductivity of the x = 0.5 sample. 
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I. INTRODUCTION 

The only consensus on the electronic properties of the 
normal state of high-T c superconductors is that they 
are not conventional. Examples of models describing 
cuprates normal state are charge stripesJa npolaronsjj'u 
various flavors of modified Fermi liquicOu and Lut- 
tinger liquid.El All these models assume a strong electron- 
electron and/or electron-phonon interaction. The disor- 
der introduced by cationic or oxygen doping influences 
the spectrum of excitations making the physics of the 
system more complex. Indeed, Basov et aln propose 
that the Drude-like peak observed in the infrared spec- 
tra of irradiated YBa2Cu3C>7 (YBCO) moves up in fre- 
quency to a localized state. Problems that have been 
discussed now for many years are the relevance of disor- 
der to localizazion and localization to superconductivity, 
in particular near the metal-insulator transition.ETM In 
cuprates, this could apply to a strongly underdoped ma- 
terial. Another twist appears with the obseriation of 
a normal state gap in underdoped cuprates.E3~jsip It was 
first observed as a pseudo-gap in NMR data.ll3 It was 
later associated to the departure frorn-Jinearity in the 
resistivity.E-3'cS Puchkov and coworkerai3 proposed that 
the apparent optical conductivity spectral weight loss in 
the normal state of underdoped cuprates is a manifesta- 
tion of the pseudo-gap. 

There is a significant (and somewhat contradictory) 
body of literature suggesting both hole depletion in 



the CuC>2 piapes and localization in Pr substituted 
compounds.EZrEj In this paper we describe the optical re- 
flectivity of Pr doped YBa 2 Cu 3 7 (Pr-YBCO) ab-plane 
thin films as a function of temperature. 

The optical conductivity of untwined single crystals of 
non-superconducting PrBa 2 Cu30y shows that substitu- 
tion of Y by Pr empties the Cu0 2 planes and localizes the 
charges into_a mid-infrared band presumably along the. 
CuO chains.Ea OpticalEll (x < 0.35) and coherent THzB 
(x < 0.4) data on the in-plane response of Pr-YBCO 
support a picture in which the localization grows con- 
tinuously with Pr doping. More recently, Bernhard and 
co-workers measured the far-infrared c-axis conductivity 
of Pr-YBCO using ellipsometry. rijheir data suggest that 
Pr acts as an underdoping agent .E3 For their highest dop- 
ing (x = 0.45) they find some indirect support of charge 
localization. However a localization peak has not been 
resolved in Pr-YBCO. 

We investigate Yi_ x Pr x Ba2Cu307 samples with x — 
0, 0.4 and 0.5. The superconducting state of the-Erst 
two compositions is discussed in detail elsewhere.E3 In 
this paper we resolve, for the first time, the localization 
peak in Pr-YBCO at the composition x = 0.5. A simple 
localization model based on Pr disorder reproduces this 
localization peak. We suggest that a signature of this 
peak is already present in the x = 0.4 compound and 
competes with the normal state gap opening. 
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FIG. 1. Temperature dependence of the dc resistivity of 
(Pr,Y)Ba 2 Cu 3 07 films on YSZ. Note that the x = 0.5 com- 
pound (right-hand axis) is almost one order of magnitude 
more resistive than x = 0.4 and pure YBCO. The temper- 
ature where the resistivity no longer shows a linear thermal 
dependence is indicated by T*. 



II. EXPERIMENTAL 

Thin films of pure and Pr doped YBa2Cu30y were 
grown by sputtering on stabilized zirconia (YSZ) sub- 
strates. The samples are c-axis oriented and typically 
5000 A thick. The four-point electrical dc resistivity is 
shown in Fig. [| giving T c = 90K (x = 0), T c = 35K 
(x = 0.4) and T c = 19K (x = 0.5). The resistivity 
of the x = 0.5 compound is almost an order of mag- 
nitude higher (right-hand side scale) than that of pure 
orx = 0.4 Pr YBCO (left-hand side scale). The dashed 
straight lines help to locate approximately the pseudo- 
gap opening temperature (T*) in the Pr doped samples, 
indicated by the arrows. Note that in the x = 0.5 com- 
pound an upturn before the superconducting transition 
occurs. One relevant point to this work is thai similar 
T*'s can be seen in underdoped YBCO filmslia having 
T 's of 70 K and 60 K. 
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a Bruker IFS 66v interferometer between 30 and 7000 
cm -1 . Near-infrared and visible data between 4000 and 
30000 cm -1 were measured in a Cary 4000 grating spec- 
trometer. In the overlapping spectral range, measure- 
ments from both spectrometers agree within 0.5 %. We 
used gold mirrors as a reference for measures in the 
Bruker spectrometer and silver mirrors in the Cary. We 
utilized a He gas flow cryostat to measure the spectra be- 
tween 6 K and room temperature in the whole frequency 
range. The temperature stability during the measure- 
ments was better than 0.5 K. 



III. DATA ANALYSIS 

The spectral functions were determined for our sam- 
ples by Kramers-Kronig transform. At low frequencies 
(below 30 cm -1 ) a Hagen- Rubens extrapolation was used 
at all temperatures, including the superconducting state. 
Above the highest measured frequency (30000 cm -1 ) the 
reflectivity was assumed to be constant up to 10 6 cm -1 
followed by a uj~ a termination to infinity. Below 150 
K our samples are opaque enough to avoid a significant 
contribution from the substrate. We also checked that 
different low frequency extrapolations do not change the 
conductivities more than 7 % at 100 cm" 1 and not more 
than 2 % at 200 cm -1 . Above 250 cm -1 the differences 
are negligible in the data of Fig. [|. 

A generalization of the Drude model can. be o btained 
using a frequency dependent scattering rateEM3 defined 
as 



1_ = 2. 



(1) 



f2 p , the effec- 



Z = 3770 being the vacuum impedance, 
tive plasma frequency, is related to the charge density n, 
carrier effective massjn* and the vacuum permittivity eo 
by f2p = ne 2 /enm*0 <t(uj) — <j\ + ia^ is the complex 
conductivity. 

One can estimate the plasma frequency through the 
classical sum rule 
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One usually introduces a cutoff energy (1-2 eV) in order 
to restrict the integration to the free carrier contribution. 
Eqs. [l] and ^ assume that fl p , r" 1 and lu are measured 
in cm" 1 and o\ in fi cm . 



TABLE I. Pr-YBCO characteristic parameters. T c and 
AT C (in parenthesis) are directly obtained from the resistivity 
in Fig. jjj. fl p and 7V e / j are obtained with Eq. |^ integrating 
the room temperature optical conductivity up to 1.5 eV. N e ff 
uses the bare electron mass as m* . a is the slope of the linear 
part of the resistivity (dashed lines in Fig. ji]). 

Our infrared reflectivity spectra were obtained with 



IV. RESULTS 

Fig. H shows the real part of the optical conductiv- 
ity for all three samples: x = 0, 0.4 and 0.5. The nor- 
mal state low frequency conductivity extrapolates consis- 
tently at various temperatures to the measured dc con- 
ductivity (solid symbols). 
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FIG. 2. Real part of the optical conductivity of Pr-YBCO 
films on YSZ. From top to bottom x — 0, 0.4 and 0.5. The 
solid symbols are obtained from the dc resistivity for the cor- 
responding temperatures in the normal state. In the x = 0.5 
sample o\ is dominated by a peak around 250 cm -1 . The 
inset shows the scattering rate at 100 K for all samples. The 
scales for the x = 0.4 and conductivities are shifted with 
respect to the x = 0.5 sample by 2000 and 4000 fi cm , 
respectively. 



The YBCO film exhibits a conventional behavior. Its 
spectral response does not change significantly in the nor- 
mal state from 150 K to 100 K and is dominated by a 
Drude-like peak. YSZ is not the best substrate to grow 
YBCO. For instance, the residual conductivity in the su- 
perconducting state is twice as high as that from the best 
films£3 However, our YBCO's normal state conductivity 
and scattering rate are qualitatively pid quantitatively 
the same as those from good samples£3 

In the x = 0.4 film the free carrier response is still 
the major contribution to the normal state conductivity. 
The loss of spectral weight from ~ 800 cm" 1 down to 
300 cm -1 observed at temperatures above_T c is assigned 
to the opening of the normal state gap.EEl It is worth 
remarking at this point that a weak shoulder appears at 
250 cm" 1 in the 40 K spectrum. 

A major change, consistent with the huge increase in 
the dc resistivity, is observed in the x = 0.5 sample. The 
free carrier contribution is not seen, and is replaced by 
a broad peak centered around 250 cm" 1 that dominates 
the far-infrared spectrum (below 700 cm" 1 ). These spec- 
tra do not show any signature of a pseudo-gap or of the 
superconducting transition. Actually, an opposite effect 
is observed since the magnitude of the peak around 250 
cm" 1 increases with decreasing temperature. 
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FIG. 3. Thermal dependence of the charge density (nor- 
malized to its value at 300 K) calculated with Eq. [| integrated 
up to 1.5 eV. The arrows indicate the critical temperature for 
each sample. The estimated error in N e f / is roughly twice the 
symbol size. The inset shows the same data, now normalized 
for all samples to the effective charge of YBCO at 300 K. 



In the inset we show the frequency dependent scatter- 
ing rate calculated with Eq. [l| The YBCO film displays 
a standard behavior with a scattering rate 1/r depend- 
ing roughly linearly on frequency in the normal state. 
In the Pr substituted samples the absolute value of 1/r 
increases and some structures appear at low frequencies 
(250 cm" 1 ). Both effects indicate a lower mobility of 
charge carriers with a possible localization effect. 

The values for f2 p estimated from the conductivity in- 
tegrated up to 1.5 eV at T = 300 K are shown in Table Q. 
The charge carrier concentration N e f t is derived from Q, 
assuming that m* is the bare electron mass. In Fig 
we display the thermal evolution of N e f / for each sample 
normalized by its value at 300 K. The estimated error in 
N e ff is about twice the symbol size. The arrows indicate 
the measured T c , All samples exhibit a decrease of the 
carrier density when crossing T c , associated to the spec- 
tral weight transferred to the zero-centered (5-function. 
The inset shows the same data normalized by N e ff of 
YBCO at 300 K for all samples. 



V. DISCUSSION 

Even though there are not many data points in Fig. 
^, we can infer some general trends for each sample. In 
pure YBCO we observe that, within experimental error, 
N e ff does not vary in the normal state. In the x = 0.5 
sample N e ff increases when cooling down to 50 K and 
then begins decreasing. The increase is consistent with 
the accumulating spectral weight in the low frequency 
peak. The decrease at low temperatures is the signature 
of the superconducting transition. 
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The x = 0.5 Pr sample exhibits a clear peak at ~ 250 
cm -1 . Experiments in YBCO and pure PBCO have 
shown a peak in thft-oanductivity when light is polar- 
ized along the b axis.c3a In pure PBCO, the peak at an 
energy ~ 1700 cm^-Lhas been assigned to localized car- 
riers in the chains.o In single domain YBCO crystals, 
the b-axis conductivity displays a peak at ~ 300 cm , 
again assigned to the chainso Other authors did [Sufri 
gest disorder on Pr sites or in oxygen environment EIEj 
2D localization (he nce within the Cu02 planes) has also 
been proposed.EjE3 Localizatien,-bjy disorder is notorious 
in (superconducting) samples .EiTE3 Similar peaks have al- 
ready been observed in high T c ccimppundsj^jcil some of 
them being purposely disordered. @e9 Therefore, we pro- 
pose to assign this peak to states localized by disorder in 
our samples, whether in the chains or in the planes. 

The influence of Pr ions located between the cuprate 
planes on the energy of the electronic states in their vicin- 
ity has two different reasons. First, Pr changes the energy 
of the carriers in each Cu02 plane. Second, Pr changes 
the electron hopping matrix element between the planes 
since the hopping occurs via either Y or Pr orbitals. Due 
to the hopping the wave functions of the electronic states 
are either even or odd with respect to the reflection in 
the Y/Pr plane. The electronic density of the odd states 
vanishes at the Y/Pr plane, and, therefore, Pr influences 
the even and the odd states differently. Localization in 
the planes can be described by a simple quantum me- 
chanical model, a shallow 2D potential well of radius a 
and depth Uq- 



-Uq , p <a h 2 

u(p) = { ; 4-j 

, p > a 



> Un 
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where p is the in-plane distance. Eq. |^ implies that Pr 
ions modify in their vicinity the effective crystal potential 
acting upon the carriers. Therefore, 2a is expected to be 
close to the lattice parameter in the Cu02 plane, while 
Uq depends on the parity of the state. The depths of 
the well should be typically of the order of one eV due 
to a relatively large difference between Pr and Y ions. 
However, due to two-dimensionality of the system this 
potential yields a weakly bound state with the energy 
-eo < Uq- 
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with the Fourier component of the wave function: 



1 + £ 2 q 2 : 



(4) 
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where the radius of the bound state is £ = %/ y/2m*\eo\ ^> 
a. An external electric field E = Eoe~ lwt (Eo being the 
field amplitude) at the frequency u> > —£o/h causes tran- 
sitions from the localized to band states with momentum 



p = y/2m*(hu) + eo). Using Fermi's Golden Rule, we ob- 
tain the transition rate (probability per time unit) from 
the ip{q) state to the band states: 



e 2 Tiuj 
W(ui) = -2ttTi e 



so 



(hu) 4 



fsoO- - fe +nw)E , (6) 



where f eo and f Eo +huj are the filling factors of the states. 
Eq. ^ assumes that the perturbation corresponding to 
the dipole interaction with the electric field is V = 
— i(e/m*cij)pE, p being the momentum operator. The 
energy dissipation rate in a medium (per unity volume) 
is proportional to <ji(u>)Eq. In other words, the contri- 
bution of one localized state to cti((jj)Eq is proportional 
to the energy absorbed per transition multiplied by the 
transition rate. It then follows that the optical conductiv- 
ity due to localized states is proportional to W(u>) in Eq. 
U multiplied by Tiuj and the concentration of the localized 
states Nl. Neglecting the uj— dependence of f eo +hui the 
contribution of the localized states with the energy Eq to 
<7i(w) at ui > —eo/h is then written as 



<7 L (lu) = -As, 



TlLU + Eq 

' (M 3 ' 



(7) 



where A is a constant proportional to the concentra- 
tion of the bound states. At a temperature T a part of 
the localized states is empty due to thermal excitation, 
and the thermally activated carriers contribute in the 
Drude-like way to the optical conductivity. The localized 
states give the dominant contribution to cr±(u) ~ |eo| /h) 
if N L > N \e \ t/% for |e„| t/Ti > 1 or N L > N h/ \e \ r 
for \eq\t/K ^> I, where No is the concentration of the 
mobile carriers participating in the Drude-like conduc- 
tivity. 

Virtually any conducting oxide shows a broad over- 
damped mid-infrared band (MIB). Several papers at- 
tempted to describe this rbapd in terms of various e;s 



citations such as polaronsJijE-a stripes,c3 two magnon,c3 
etc. Nevertheless, no conclusive evidence to support any 
of this effects as being the MIB exists. For any practical 
purposes, it is widely accepted that the characteristics of 
the MIB (position and spectral weight) can be obtained 
from a Lorentz oscillator. Therefore, the general case 
for the conductivity composed of disordered and mid- 
infrared states gives 



(i) 
L 



2tt 



2 



,212 



+ 7^ 2 : 



(8) 



where the first summation is on disordered states and 
the second is the Lorentz MIR states.cll Ae is the oscil- 
lator strength, f^o is the resonance frequency and 7 its 
damping. 

The solid circles in Fig. |J shows the conductivity of 
the x = 0.5 sample at 50 K. Since the Pr substitu- 
tion influences the odd and the even states differently, 
one expects two different localization energies in the sys- 
tem, which correspond to contribution of the odd and 
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FIG. 4. IR conductivity at 50 K of the x = 0.5 sample. 
The experimental data are the solid circles. The solid line is 
composed of two localization peaks and a mid-IR (MIR) peak. 
The individual contributions of the localization peaks is show 
by the dashed line. The dotted line is the MIR contribution. 



the even states in ajj(uA. The solid line is a fit us=. 
ing the model in Eq. pi with two disordered stateso 
and one MIR oscillator. Fitting parameters are \s \ — 



110 cm" 1 , A^> = 1.8 x lO 6 ^- 1 cm" 2 , |4 '\ = 200 cm" 1 , 
= 1.5 x lO 6 ^- 1 cm- 2 , Ae = 90, Q = 1800 cm" 1 
and 7 = 5500 cm. . Individual contributions from disor- 
dered localized states and MIR bands are shown, respec- 
tively, by dashed and dotted lines. The chosen values for 
and A^ correspond to Nl ~ 10 14 cm -2 for odd 
and even states and m* of the order of the bare electron 
mass. Going back to Eq. |^ we can estimate the radius of 
the potential well. Since a ~ \/2h/ 1 ^Uqitl* ln(C/ /|eo|), 
for Eq ~ 200 cm" 1 (25 meV) and Uq = 1.0 eV, we obtain 
a close to 2 A. This radius of the potential well indi- 
cates that the changes really happen at the atomic level, 
consistent with our picture of disorder introduced by Pr 
ions. 

Below 700 cm -1 , the IR conductivity shown in Fig. ^ is 
mostly described by this localization model. The model 
reproduces the amplitude .and the asymmetric shape of 
the localization peak welLca The dc conductivity, how- 
ever, is due to a small free carrier contribution. 

Localization reconciles the apparent contradiction be- 
tween the dc resistivity and the optical conductivity in 
the x = 0.5 sample. The inset of Fig. || shows the behav- 
ior of the carrier density N e f f (normalized here to the 300 
K YBCO value) . The linear parts of the resistivity in Fig. 
[j] have their slopes shown in Table Q. If Matthiessen's law 
was roughly followed, the ratio between slopes should be 
proportional to the ratio of the charge densities. The 
loss in spectral weight for x = 0.4 follows satisfactorily 
the slope change observed in the dc measurements. The 
ratio between the resistivity slopes is 0.79 and the inte- 



grated charge density of the x = 0.4 compound equals 76 
% that from YBCO. This suggests that what we observe 
here has to be mainly assigned to actual underdoping, 
namely a decrease of the ratio n/m* . 

A striking effect appears on the x — 0.5 Pr sample. 
Whereas its dc conductivity is 5 % of pure YBCO, the 
integrated carrier density is 65 % of that from YBCO, en- 
tirely inconsistent with the observed resistivity increase. 
The slopes ratio (0.24) is not of much help in solving 
this puzzle. We are thus led to conclude that the high 
dc resistivity in the x = 0.5 sample is related to the lo- 
calization of free carriers rather than to the decrease in 
their concentration. The Drude-like peak related to mo- 
bile charge carriers becomes a peak centered at 250 cm -1 
without a strong loss of spectral weight. 

Such a disorder induced localization must build up 
gradually with Pr concentration and localized states have 
to be present in the x — 0.4 sample optical conductivity. 
The frequency dependent scattering rate of the x = 0.4 
and x =0.5 samples show similar structures around 250 
cm . At this very frequency, the optical conductivity 
of the x = 0.4 material has a shoulder. Thus the local- 
ization peak is already present in the x = 0.4 compound. 
Of course its oscillator strength is smaller a»d the mo- 
bile carriers response dominates the spectraEJ since the 
conditions Nl > N |e | t/Tl or Nl > N fi/ \e \ r are not 
yet fulfilled there. 

One may remark that the loss of spectral weight iu. 
YBCO occurs at all frequencies below ~ 800 cm^'H 
Why then is the loss of spectral weight in the x = 0.4 
material limited to the 300-800 cm -1 range? According 
to the x = 0.5 behavior, the localization peak evolves 
in the opposite direction of the normal state gap. We 
suggest that the localization peak in the x — 0.4 sam- 
ple compensates the normal state gap spectral weight 
loss in the 200 cm -1 region thus explaining the appar- 
ent discrepancy between underdoped and Pr-substituted 
YBCO. 



VI. SUMMARY 

In summary, the optical response of Pr-YBCO films 
shows the localization of the charge carriers, thus clearly 
indicating the coexistence of localization and supercon- 
ductivity. A peak in the optical conductivity due to this 
localization effect is fully resolved in the x = 0.5 Pr- 
YBCO at 250 cm -1 . We argue that such a localization is 
already present in the x = 0.4 sample and compensates 
the normal state gap spectral weight loss. The localiza- 
tion peak is described through in-plane disorder intro- 
duced by Pr atoms. 
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Using a distribution of cutoff energies does not improve the 
fit, except for rounding the minimum observed between the 
two peaks. Our best results were obtained with gaussian 
distributions having widths (FWHM) of 10 and 15 cm -1 . 
Remarking that the data resolution is 4 cm -1 these distri- 
butions are basically single peaks. 

As it was shown by W.A. Little [Phys. Rev. A 134, 1416 
(1964)] polarization of localized states can lead to attrac- 
tion and superconductivity of the carriers. The large polar- 
izability in our case occurs due to the large radius I. Qual- 
itative estimates show that at electron-electron separation 
less than ^(Z/eas) 1 the attraction between electrons due 
to the polarization of the localized states is comparable 
or larger than their Coulomb repulsion (e is the dielectric 
function, and as is the Bohr radius). 
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